Phase I oncology clinical trials are designed to identify the optimal dose that will be recommended for phase II trials. In pediatric oncology, the conduct of those trials raises specific challenges, as the disease is rare with limited therapeutic options. In addition, the tolerance profile is known from adult trials. This paper provides a review of the major recent developments in the design of these trials, inspired by the need to cope with the specific challenges of dose finding in cancer pediatric oncology. We reviewed simulation studies comparing designs dedicated to address these challenges. We also reviewed the design used in published dose-finding trials in pediatric oncology over the period [2009][2010][2011][2012][2013][2014]. Three main fields of innovation were identified. First, designs that were developed in order to relax the rules for more flexible inclusions. Second, methods to incorporate data emerging from adult studies. Third, designs accounting for toxicity evaluation at repeated cycles in pediatric oncology. In addition to this overview, we propose some further directions for designing pediatric dose-finding trials.
Introduction
Phase I trials aim at defining the maximum tolerated dose (MTD) in order to determine the dose recommended for phase II studies (RP2D). Phase I dose-finding trials are performed separately in adults and in children. A major difference between adult and pediatric oncology dose-finding trials is that pediatric trials usually start after completion of adult trials, therefore providing knowledge about the RP2D in adults, the toxicity profile, and the mechanisms of action [1] [2] [3] .
Those trials present specific challenges. Pediatric cancer is rare with limited therapeutic options. Only three targeted treatments have been approved. Children are heterogeneous in size and age, amplifying potential variability of results. The ethical aspects of these trials are different as well. Parents have to consent on behalf of their child for enrollment in trials where the primary objective is the assessment of toxicity [4] [5] [6] [7] .
The main design used in pediatric dose finding trials has been the 3 + 3 design [1, 2] . In this algorithm-based design, the RP2D is usually the highest dose at which no more than one in three to six patients experience dose limiting toxicities (DLT). This design was constructed under the assumptions that the risk of toxicity increase with the dose of the drug, and that the RP2D would be the dose with less than 33% DLT occurring during the first cycle of treatment. However, in the last decade, alternative designs have been proposed in the setting of pediatric trials. New approaches have been encouraged by the scientific community and patient advocacy groups in order to increase access to trials and to improve the efficiency of the development pipeline of pediatric oncology drugs [8] . The purpose of this paper is to review the challenges of pediatric dose-finding trials, and discuss the recent design innovations that can improve scientific efficiency or support pragmatic implementation.
We first reviewed the statistical design used in phase I cancer pediatric trials published between 2009 and 2014, i.e. after the publication of the Rolling 6, one of the first design developed specifically in the field of pediatric oncology [9] . The search strategy on the Pubmed database contained the words 'phase I trials' AND 'children OR pediatrics'. The design was extracted from the method section or deduced from the results whenever possible. Among the 88 trials retrieved in Pubmed (Fig. 1) , the 3 + 3 design was the most frequently used for pediatric phase I trials (72%) but this proportion strongly decreased in 2013 and 2014.
In the traditional 3 + 3 design, accrual is suspended between cohorts of three patients, allowing for assessment of DLT before enrolling the next dose level cohort [10] . Escalation to the next dose level occurs when no DLT is observed in three patients. If one DLT occurs, then three additional patients are assigned to the same dose level. If DLT occurs in one or more of these extra three patients, this dose is considered unacceptably toxic and is de-escalated. An example is represented through diagrams on Fig. 2A . In the 3 + 3 design, enrollment is suspended between each cohort, which raises several difficulties:
• Clinical: children in early phase trials have rapidly progressing cancer which argues for limited waiting time before starting treatment; few alternative treatments are available for this population; these treatments are often the last therapeutic option before palliative care; and an eligible child and his parents willing to participate may not understand why the investigator has to postpone treatment for design reasons [1] .
• Efficiency: as cancer is a rare disease in children, suspensions of accrual prolong an already long trial.
• Logistics: pediatric trials, even at the early phase, are mostly multicenter trials in which suspension of enrollment creates organizational complexities.
Therefore the community expressed a need for designs that can accelerate the trial and limit trial enrollment suspensions while assuring safety of the included patients. In part 2, we present designs that were developed in order to allow for more flexible inclusions. Two other domains were identified as recent developments in the field of pediatric oncology: In part 3 and 4 we respectively present methods to incorporate data emerging from adult studies and designs accounting for toxicity evaluation at repeated cycles. Finally, in part 5 we discuss our results and propose some further directions for designing pediatric dosefinding trials.
Relaxing the rules for more flexible inclusions
Several algorithm-based and model-based designs have been proposed to address this issue [9, [11] [12] [13] [14] [15] .
Rolling 6
The Rolling 6 design is an algorithm-based extension of the 3 + 3 design proposed in 2008. This design has been reported in the literature for testing anticancer agents in children since 2011; it is increasingly used and was reported in 15 (17%) of the published pediatric clinical trials since 2009 (Fig. 1) .
In the Rolling 6 design, a total of six children can be enrolled concomitantly at the same dose level [9] . The dose level allocated to a new patient is based on the number of patients currently enrolled and evaluated, the number of patients experiencing DLT, and the number of patients whose evaluation is pending at the time of new patient entry. De-escalation occurs when two or more DLT occur at a dose level, whereas escalation can be performed when 3/3, 4/4, 5/5, 5/6 or 6/6 patients are evaluated without DLT. In all other situations, patients can be included at the same dose level, up to a total of six (Fig. 2B) . Once 6 patients have been included at the current dose level, inclusions are suspended until at least 5 of those 6 children have completed the first cycle without DLT. 
Continual reassessment method
The use of the continual reassessment method (CRM) has been reported in the pediatric setting since 2003 [19] . Four CRM trials were published over the period [2009] [2010] [2011] [2012] [2013] [2014] (Fig. 1) .
The CRM is a model-based method. Let x i be the dose d k allocated to patient i, among a set of K increasing dose to be studied. The basic idea is to sequentially update the estimates of the probabilities of toxicity of the increasing doses (d 1 
. This is performed after each inclusion using a working model, φ(d k ,a), relating the dose d k to the probability of DLT by a parameter a that depends on the model used. As an example, a one-parameter logistic model with a fixed slope b c can be used [16] :
O′Quigley et al. proposed a CRM using Bayesian inference [17] and further extended the method with likelihood approach [18] . The maximum likelihood estimator can be used to obtain â estimate [18] . Given â, probabilities of DLT can be estimated by φ(k,â) for all k. Let τ be the target probability of toxicity of the dose that would be considered appropriate for phase II trials. τ is usually set to 20% in modelbased design, which usually corresponds to identifying the dose below the traditional 33% threshold of toxicity used in the 3 + 3 design; however, in a model-based approach such as the CRM, τ could be set to any clinically relevant threshold. The dose level recommended for the next patient is the level which minimizes the distance between the estimated probability of toxicity at this level and the target τ. Each patient is then included at the best current estimate of the MTD. Inference is based on all available data from all patients previously evaluated (Fig. 2C) .
A modification of the CRM has been proposed to minimize accrual suspensions in pediatric brainstem gliomas [12] . Onar-Thomas [19] proposed another modification of the CRM in which patient specific body surface area (BSA) adjusted doses where used in the calculation instead of assigned doses (CRM-BSA). This design was developed in the setting of oral agents where it may not be possible to administer the exact theoretical BSA-adjusted dose, given the constraints of limited tablet strength available and the variability of BSA of children of various ages.
Time-to-event continual reassessment method
The CRM has been extended to handle toxicity that would occur after a long period without suspending accrual. The time-to-event CRM (TiTE-CRM) provides estimates of the cumulative probability of toxicity over several cycles. It was first proposed to address the issue of late toxicities in radiotherapy dose-finding trials [20] . New patients can be enrolled in a trial even though evaluation of some previous patients is still pending. This design was also proposed as an option to relax the rules of inclusion and allow for continuous inclusions in pediatric trials [14] .
In the TiTE-CRM, observations of patients who have no DLT at the time of the analysis but have not completed the DLT assessment period are down-weighted in the likelihood. Several weighting schemes have been proposed. The most common consists in weighting the observation proportionally to the length of followup; for instance, if the follow-up window is six cycles, a patient who is evaluated for three cycles at the interim analysis and who has not experienced severe toxicity is attributed a weight of 3/ 6 = 0.5.
With this method, the data of all children previously included could be used, even if some follow-up for DLT are still incomplete. In theory, this method would therefore be appropriate irrespective of the DLT observation window (first cycle, two cycles, or longer), leading to a more flexible access to the trial. Importantly if the TiTE-CRM is used with a DLT assessment period of one cycle, the DLT should be continuously reported during the cycle, which is not common practice. Furthermore, this method relies on the assumption that all patients without DLT are followed up for the whole DLT assessment period. If the DLT assessment is extended over several cycles, this assumption might be violated as a large proportion of patients get off-study due to disease progression after two cycles [21] .
Escalation with overdose control and time-to-event escalation with overdose control
The escalation with overdose control design (EWOC) is an adaptation of the Bayesian CRM, and was proposed to limit the number of patients above the MTD (Fig. 2D) . In EWOC designs, the expected proportion of patients treated at doses above the MTD is equal to a specified value α, and the dose chosen for a new patient is the dose for which the probability of DLT is inferior to this predefined α threshold [22] .
The EWOC design was further combined with the TiTE approach, resulting in the TiTE-EWOC [13] . The observations of patients who have not completed the pre-defined follow-up are down-weighted in the likelihood. It considerably shortens the trial duration as compared to the EWOC design, with no significant increased risk of toxicity. This approach was also proposed as an efficient way to avoid waiting lists in pediatric cancer chemoradiation trials, and to prevent the risk of treating children at doses above the MTD [13] .
The EWOC design has been used in one pediatric trial of escalation of irinotecan and gefitinib combination [23] . In the trial, the target probability of toxicity defining the RP2D was set as τ = 25%, and the risk of overdose was controlled to be less than α = 30%. To our knowledge, the extension for time to event (TiTE-EWOC design) has not been implemented yet in pediatric dose-finding.
Comparative analysis

Methods
Several studies have compared most of the designs described above through simulations. Due to the sequential and adaptive nature of dose finding trials on small sample sizes, the best way to evaluate the efficiency and safety of designs is to compare them through simulations, such as the "discrete event simulation" method [24, 25] . These simulations reproduce thousands of trials under a given realistic dose-toxicity relationship. For each scenario the probability of toxicity at each dose is specified and constitutes the dose-toxicity curve. Simulated patients are sequentially included in the trial at dose levels specified by the allocation rule of the design, according to the toxicities experienced by the patients previously included. At the end of each trial, the RP2D is recorded. The key outcome is the capacity of the design to identify the true target dose.
We reviewed simulations studies comparing designs that specifically addressed dose-finding studies in pediatric oncology. Ten simulation studies were identified (Appendix Table A .1), and evaluated approximately 50 different dose-toxicity curve scenarios (median, 4 scenarios per simulation study, range 1 to 12). We extracted results from nine simulation studies [9, 11, 13, 14, 19, [26] [27] [28] [29] . In the tenth study, results of simulations were expressed as distribution of the difference of outcomes between two designs [30] . The outcomes of each design could therefore not be extracted.
In each simulation study, we selected a scenario where the true MTD was the third dose and extracted the outcomes of each design. This scenario was selected because dose-finding clinical trials in pediatric oncology frequently select the third dose as RP2D [1, 2] . The operating characteristics of a given design evaluated in simulations are directly impacted by the scenario (dose-toxicity curve, starting dose, number of doses to explore, stopping rules…). For instance, the steepness of the dose-toxicity curve, i.e. the true probability of toxicity of the doses adjacent to the true MTD will impact the proportion of trials that correctly identify the MTD or the dose above or below. Therefore, even if we selected scenarios where the true MTD is the third dose in order to identify patterns in the performances of those designs across the statistical literature, the performances of a given design can only be compared within a given scenario, where the other sources of variability are controlled.
For each study we extracted the target probability of toxicity of the dose that would be considered appropriate for phase II trials (τ), the stopping rules, the duration of a cycle of treatment (DLT window), the mean time between patients presenting for enrollment, and the probability of toxicity at each dose for the selected scenario. Most of these features are listed in the Appendix A (Table A. 2, Fig. A.1 ). For each design evaluated in the simulation study, we retrieved the distribution of the dose recommended at the end of the simulations, the toxicity experienced during the trial, and the length of the studies. We presented results per simulation study for each design. For the distribution of the RP2D chosen at the end of a trial and the number of patients allocated per dose level, we represented graphically the results, according to the true probability of dose-limiting toxicity of each dose.
Results
Seven studies compared the 3 + 3, the Rolling 6, the CRM, the TiTE-CRM, or the TiTE-EWOC. In Table 1 , we report the outcomes of simulations when the true MTD is the third dose. We summarized the main advantages and limits of the various designs in Table 2 .
2.5.2.1. Algorithm-based designs. Skolnik [9] and Doussau [11] showed that the Rolling 6 indeed achieves the aim of facilitating access to the trial by avoiding delay of enrollment for trial design constraints ( Table 2) . As a result, the total number of patients included in Rolling 6 trials is slightly higher than in 3 + 3 trials. The risk of toxicity is similar to the traditional 3 + 3 design [9, 11] . Two simulation studies showed a shorter overall duration as compared to the 3 + 3 [9, 19] . However, with the Rolling 6, it is likely that the number of patients treated in the lowest doses increases as compared to the 3 + 3 (Appendix Fig. A.2) , and the proportion of trials correctly identifying the target dose is not improved (Fig. 3) [11, 30] . As an example, Doussau et al. [11] found that the Rolling 6 led to the inclusion of a median number of 6 children at the levels 1 and 2, while the 3 + 3 only led to the inclusion of a median of 3 children per level; meanwhile, the proportion of correct recommendations of the true MTD (dose with 20% toxicity) did not vary (38% of simulations with 3 + 3 and 39% with the Rolling 6) [11] . Sposto [30] even suggested that the Rolling 6 design might be more conservative than the 3 + 3 (i.e., leading to the recommendation of a dose below the target more often than the 3 + 3).
Model-based designs.
Three simulation studies further challenged the fact that even if the Rolling 6 might be shorter than the 3 + 3 design, it is not shorter than the CRM [11, 19] or TiTE-CRM [14] . Model-based designs tend to identify the target dose more frequently than algorithm-based designs in two simulation studies (from 39 to 45% and 32 to 51% of correct recommendation of the MTD, respectively [11, 14] and no difference in the third simulation [19] ) (Fig. 3) . Of note, the gain in the number of simulations correctly identifying the target dose with model-based designs as compared to algorithm-based designs could be accompanied with a slight increase in the likelihood of recommending the next higher dose above the true MTD. As an example, Onar-Thomas [19] reported that a dose with a risk of toxicity of 49% could be recommended in 6% of the simulations with CRM, as compared to 4% or less with 3 + 3 or Rolling 6 in the scenario that we have studied (Fig. 3) . As well, Doussau [11] reported that the CRM could recommend the next higher dose above the true MTD (a dose with 35% risk of DLT) in 21% of simulations with CRM, as compared to less than 15% with 3 + 3 or Rolling 6. Conversely, Onar and colleagues [28] did not find that the CRM leads to recommendation of doses higher than the true MTD. This risk is therefore limited. In addition the number of patients treated at the lower dose levels can be minimized with the CRM as compared to the Rolling 6 [11, 30] (Appendix Fig. A.2) , as well as the total number of patients included (Table 2) .
Last, Onar-Thomas [19] compared the 3 + 3, Rolling 6 and CRM, and CRM-BSA. The CRM-BSA showed very similar results as compared to traditional CRM (Table 1, Fig. 3 ).
Incorporating data from adult trials
Data from adult trials can be incorporated in various ways. First, the safety profile observed in adult data serves to refine the DLT definition or modify the protocol to handle or prevent certain side effects such as nausea. The main difference between DLT definitions in pediatric 
Table 2
Comparative analysis of four competing designs. Adapted and extended from [57] .
Algorithm-based designs Model-based designs 3 + 3 Rolling 6 CRM TiTE-CRM Dose-escalation Algorithm based, using the data of patients previously evaluated on current dose-level.
Model-based, using the data of all patients previously evaluated (all doses).
Model-based, using the data of all patients previously included (all doses). Incomplete follow-up are down-weighted in the model, as compared to complete evaluations.
Suspension of inclusion Every 3 patients If 6 patients are included and data on evaluable patients does not allow dose escalation
Flexible, can be designed or relaxed on demand. Suspension might be required for the first stage of frequentist CRM.
Flexible, can be designed or relaxed on demand.
RP2D
Dose at which less than 2 DLT in 6 patients occurred Dose which probability of DLT is closest to the target toxicity rate (e.g. 20%)
Main advantages Easy to implement and safe. Target toxicity level is defined explicitly. More rapid dose-escalation. Patients inclusions are more concentrated around true MTD. RP2D can be estimated with its confidence interval (better precision).
Limited suspension of inclusion. Moderately shorter trial (as compared to 3 + 3)
Moderately shorter trial (as compared to 3 + 3)
Allows toxicity information to contribute to dose escalation before all patients finished follow-up. Take into account late onset toxicities
Main limits Appropriate to identify a dose level inferior to 33% toxicity. Target toxicity level is not defined explicitly. High proportion of patients treated at low, potentially ineffective doses. Low efficiency to identify the true MTD.
Computation after each patient or cohort of patients. Need biostatistical support for dose escalation decisions.
Long trial if several doses have to be explored before the RP2D.
Suspension of inclusions.
Increased number of patients included, therefore increased financial costs as compared to 3 + 3 [30] Extra patients included at lower doses as compared to CRM. versus adult studies was a higher tolerance in hematological toxicity. While this was relevant in the area of cytotoxic agents it is less applied now when exploring molecularly targeted agents that often have nonhematologic dose limiting toxicities. Second, adult data can help to define the starting dose and the range of doses to explore. The most traditional way to build on the knowledge acquired with adults is to start with 80% of the recommended dose in adults, adjusted for the weight or body surface area (BSA), as defined by an international consensus in 1996 [31] . In children the dose increments are usually additive (+ 25% or 30% of the BSA-adjusted recommended dose in adults at each dose increment); this differs from adult trials where the dose increments are usually multiplicative. A review of the literature mostly including chemotherapeutic agents, reassessed that pediatric trials should explore no more than four levels of dose (0.7, 1.0, 1.3 and 1.6 times the adult RP2D) as the RP2Ds in children and in adults were strongly correlated [1] . A comprehensive review of pediatric dose-finding trials of molecularly targeted agents also showed that in 13 of 19 trials (69%), the pediatric RP2D was very close to the adult RP2D, ranging between 90% and 130% of the adult RP2D [2] and main differences were reported in trials of targeted agents where DLTs were not observed and the MTD could not be determined.
Third, the data can be directly incorporated in the dose-escalation scheme in bridging studies [26, 29] . The general idea of bridging studies is to share data from several subgroups to improve the accuracy of the MTD estimate. Two types of bridging studies have been proposed: parallel bridging study where a trial can be conducted simultaneously in two subgroups [26, 29] ; sequential bridging study, where the second group begins after the first group has completed inclusions and uses data from the first group [29] . Bridging designs were developed in the setting of acute leukemia where it had been previously observed that children better tolerated aggressive doses adjusted for their weight compared to adults [26, 29] . The method has been applied in trials carried out both in adults and children or in heavily pretreated and less heavily pretreated children [32, 33] , or in children receiving a new treatment with and without adjunction of radiotherapy [12] . Bridging designs could be used for the evaluation of the MTD in teenagers, in trials where adult and teenagers could be included in specific strata.
Statistical techniques include the use of some common data structure through hierarchical models for parallel bridging studies [34] and the elicitation of prior distribution for sequential trials. Hierarchical model is a powerful tool to share information in a unique trial with multiple strata; a model of the dose-toxicity relationship is parameterized by a stratum-specific parameter, whose variance is common to all strata. A smaller variance is assumed when the various strata are similar. This variance parameter is updated throughout the trial. An important limit of the exchangeable formulation is the difficulty to specify orders in the various strata; for instance, one cannot specify that less heavily pre-treated patients have lower risk of DLT as compared to heavily pretreated patients.
Several alternative methods have been proposed to share data structure for bridging studies, although not specifically in the field of pediatric population. An isotonic approach [35] based on the up and down method has been developed to relax assumptions related to parametric models and to avoid the elicitation of prior distribution that is challenging in early phase trials. More recently, Wages and colleagues [36] have developed an approach where several models connecting the different strata at each dose level are hypothesized [19] , Doussau (2012) [11] , Zhao (2011) [14] , Doussau (2013) [27] , Broglio (2015) [26] , O′Quigley (2014) [29] .
prior to the trial. The probability of each model is updated based on collected data.
In sequential bridging studies, prior elicitation is crucial as the knowledge gained in the first group is incorporated in the estimation of the dose-toxicity risk of the following group. Two fundamental parameters are specific to these studies. The first is the bridging parameter itself that connects the two groups. The second parameter is a design parameter called the diminishing parameter and allows for down weighting the data used in one group as compared to the other. Prior distribution offers a natural tool to specify a known ordering in the overall risk across strata. This is also applicable in the setting of parallel bridging studies when the expected difference between the strata can be elicited in an informative prior.
Two simulation studies were performed in the pediatric setting [26, 29] . O′Quigley and Iasonos [29] evaluated parallel and sequential bridging designs. Bridging designs were compared to the conduct of a single study including all patients regardless of the subpopulation information, or the conduct of two independent CRM in each subpopulation. Both types of bridging designs increased the probability that the correct dose is identified as the RP2D in the pediatric strata (Fig. 3) , as compared to a trial conducted independently in a pediatric sample. Nevertheless the gains were modest except when some prior knowledge was elicited on the expected difference between the two strata via some mildly informative prior distribution in a Bayesian framework.
Broglio compared a parallel bridging design in adult and pediatric populations to the conduct of an independent CRM in children [26] . The simulation study from Broglio also showed a better ability to select the true MTD with the bridging approach as compared to an independent CRM conducted in the pediatric population (Fig. 3) .
Bridging designs can potentially lead to the inclusion of a smaller number of children. However, those simulation studies showed that designs are sensitive to the presence of heterogeneity between the subpopulations. This implies that the model should be flexible enough to avoid the risk of bias in the estimation of the RP2D in children, as the risk of toxicity might be different between adults and children [29] .
Accounting for toxicity evaluation at repeated cycles in pediatric oncology
Several publications have highlighted the need to account for the side effects beyond cycle 1 [20, 21, 27, [37] [38] [39] [40] [41] [42] [43] . The TiTE-CRM is a possible approach, as presented previously. A key feature is that the risk of DLT is evaluated globally, i.e. the repeated severe toxicities are counted once and the risk of cumulative toxicity requires alternative approaches [43] .
A second approach recently proposed is to extend the CRM through utilization of data from the grade of toxicity of all the cycles of treatment [27] . In this design, the endpoint is the highest grade toxicity experienced for each patient, repeated over each cycle of treatment. It differs from the traditional DLT endpoint in two ways: 1) it is repeated over time, 2) it is recorded as an ordinal variable (no/moderate/severe toxicity), thus using the information provided by moderate grade 2 toxicities. This approach provides investigators with a probability of "severe" and "moderate or severe" toxicity at each cycle and each dose. Due to repeated data on the same patients, probabilities of toxicity are estimated with a random intercept model. A proportional odds model mixed model (POMM) is used to account for the ordinal nature of the endpoint.
For patient i at cycle j, the outcome Y ij can take three modalities from 1 (mild toxicity) to 3 (severe toxicity). The dose allocated to patient i, x i , was considered constant over time, i.e. dose modification or temporary dose interruptions were not modeled. Let's denote m = 1, 2, or 3 the outcome; the proportional mixed effect model including dose, time (cycle) and a random intercept [27] is then:
β 1 and β 2 are common to all cumulative modalities of toxicity m, as this model relies on the proportional odds assumption, i.e. assumption that the effects of the dose as well as of the time are the same for severe toxicities and for moderate or severe toxicities. Under the assumption that (i) the risk of going off-study for a patient is mainly due to previous toxicities that are observed or progressive disease, (ii) the risk of progression at a dose is independent on the risk of toxicity, maximum likelihood estimates of mixed models provides unbiased estimates [44] .
In our simulations [27] , the POMM-CRM design led to +15% increase in the number of simulations correctly identifying the true target dose as compared to the CRM (Fig. 3) . The POMM model can also be used to analyze the final data of any trial in order to have a more precise estimate of the RP2D, or to study the probability of toxicity over time. As an example, the reanalysis of a pediatric trial of Erlotinib + radiotherapy on 20 children showed that the precision of the estimation of the risk of severe toxicity per cycle at the RP2D was strongly increased, from 16% (95% CI 4% to 45%) based on the DLT window of the first two cycles, to 8.6% per cycle (95% CI 4% to 19%) using data over a total of 96 cycles [38] . In addition, this reanalysis showed that the risk of toxicity did not increase with time.
Discussion
Our study reviews the designs proposed and used in recent pediatric dose-finding oncology trials, and shows an increasing use of new designs such as the Rolling 6 or the CRM. It also shows that various innovative designs have been proposed to tackle the specific challenges of dose-finding trials in pediatric oncology. Three main axes of development have been to limit accrual suspension before escalating to the next higher dose level, while ensuring children's safety, to extrapolate data from adults' trials in bridging studies and to integrate richer endpoints such as ordinal variables and repeated measurements.
To avoid trial suspension, the Rolling 6, or a modification of the CRM seems to appropriately decrease the number of patients who cannot enter the trial. Due to their slightly better ability to identify the target dose, while not increasing the total number of subjects, we recommend that model-based design should be preferred over algorithm-based designs. Furthermore, because the Rolling 6 might lead to a high number of patients at the lower levels to explore, the choice of the starting dose is of paramount importance in order to minimize the number of children treated at doses lower than the optimal dose. Of note, rapid recruitment may also lead to study suspension in the Rolling 6 design, as shown in a simulation study [11] ; conversely, the Rolling 6 is equivalent to the 3 + 3 when recruitment is very slow.
Our review however underlines the fact that most dose-finding trials perform relatively poorly with traditional sample sizes, as the simulations rarely exceed 60% of recommendation of the correct target dose, even when some very refined designs are implemented. Despite the amount of methodological studies supporting the advantages of model-based designs, their implementation is relatively infrequent [45] , but they are gaining popularity, and are now recognized by regulatory agencies as designs to consider for dose-finding trials.
Importantly, our analysis is based on a review of simulation studies comparing various designs. The performance of any design is influenced by the dose-toxicity curve, and various aspects of each design such as stopping rules. In addition, there are many choices that can be made to tailor a CRM to a specific clinical trial setting. Therefore quantitative comparisons between various articles should be considered carefully even when a similar scenario is used across studies as in our analysis.
In the era of molecularly targeted agents, the hypothesis of "the more, the better" that is underlying all algorithmic or model-based approaches based on toxicity endpoints is challenged, as the therapeutic index might be wider, and the optimal biologic dose might not be the MTD. It is therefore important to use activity or efficacy endpoints as early as possible in the development of new drugs. Two approaches might be promising: first, develop dose-finding designs for co-primary endpoints using both toxicity and efficacy; second, promote seamless phase I/II dose-finding trials [46] . These approaches should be encouraged.
Several statistical publications provide innovative designs considering both safety and activity criteria [36, [47] [48] [49] [50] [51] [52] . We did not include them in this review as those aspects were not developed specifically in pediatric oncology dose-finding trials. As well, we did not detail methods for dual agents combination [48, [53] [54] [55] for the same reason, even if associations of two investigational agents are increasingly considered in the pediatric population.
Importantly, the literature comparing the RP2D in children to adults could justify challenging the traditional rule of starting the trials at 80% of the BSA-adjusted adult dose, especially in the era of molecular targeted agents [1, 2] . When the PK/PD profile of the drug is not expected to be that different from adults, and when no cumulative toxicity is expected, it would seem reasonable to start upfront giving 100% of the BSA-adjusted adult dose to children, with rules to decrease the dose to 80% if necessary. However, such an approach might not apply to small children for whom the metabolism might differ a lot. An alternative approach could be to administer one cycle of the treatment at 80% of the adult dose and do intrapatient dose-escalation to 100% after the second cycle. The RP2D in children rarely exceeds 130% of the adult approved dose; therefore, it could even be proposed not to investigate doses higher than the adult approved dose if biodisponibility as measured with PK is similar and no other reasons such as lower sensitivity of the molecular target in the pediatric disease are present. This would dramatically simplify the design, as no or very limited dose escalation would be necessary, and the trial could be a phase I/II trial, with an early stopping rule for safety upon completion of the phase I part of the study. All approaches that minimize the number of cycles administered below the adult approved dose while not compromising safety should be encouraged. In pediatric oncology phase I trials where parents have to consent on the behalf of their child, there is an incentive to maximize as much as possible the potential clinical benefit for the children. A framework of options to consider in the choice of the design is summarized as a flowdiagram (Fig. 4) .
There is a growing amount of literature showing that pediatric oncologists are willing to reform the development path of drugs [8] . As an example, hematologists argued that phase I trials should not be necessary for children with leukemia if the drug was already tested in phase I trials for children with solid tumors [56] . The development of molecularly targeted agents is transforming this rare disease in even more scarce subgroups of patients sharing a biologic target. Therefore, the need for innovations on how to conduct the research as efficiently as possible in the era of personalized medicine is exemplified. Not allowed Dynamic: "once six or more patients are treated at a dose, we do not stop the trial unless treating two more hypothetical patients at that dose level would not lead to escalation" Onar-Thomas (2010) [19] CRM, CRM-BSA 3 slots; 2 patients needed to be evaluated before next escalation.
Not allowed
Dynamic: when at least 6 patients have been treated at the MTD and inclusion of 2 additional patients would not lead to escalation. Doussau (2012) [11] CRM Two patients at the first dose level. When the evaluation of three patients was pending at the current dose, accrual for new patients was temporarily suspended.
Not allowed Dynamic: stop once 10 patients have been included at a given dose (nonconsecutive patients).
Zhao (2011) [14] TiTE-CRM Escalation from the current dose not allowed until at least one patient at the current dose has completed follow-up.
Not allowed Fixed: maximum of 24 patients
Mauguen (2011) [13] EWOC, TiTE-EWOC EWOC: new patient cannot be enrolled before the previous patient enrolled has finished follow-up. TiTE-EWOC: no restriction regarding pending evaluations ("a weight allows to take into account all available information, including incomplete information, in the estimation of the dose-toxicity relationship"). Broglio (2015) [26] CRM, bridging design 3 adult patients enrolled per month vs. 1 child/month. Dose-toxicity curves are updated once each subject has completed evaluation. At the 3 lower dose levels, information about 2 patients is required prior to escalation. At dose levels higher than the 3rd level, information is required from at least 3 patients.
Not allowed for adults. Allowed for children provided that there is complete information for 2 adults at this level and the dose level above, and both levels are considered safe.
Dynamic; "First, a minimum number of patients must be treated at or around the MTD. In the adult population, at least 8 patients must be treated at the MTD and at least 20 patients treated within one dose level (lower or higher) of the MTD. In the pediatric population, at least 5 patients must be treated at the MTD and at least 10 patients treated within one dose level of the MTD. The second condition is to ensure that the selection of the MTD is robust and that a higher dose level should not still be considered. For this, we assume three additional hypothetical patients treated at the current MTD with no DLT. If, with this additional information, an update of the CRM would not recommend escalation, the MTD is considered well characterized." Maximum sample size is 35 adults and 25 children.
MTD: maximum tolerated dose. CRM: continual reassessment method. BSA: body surface area. POMM: proportional odds mixed effect model. TiTE: time to event. EWOC: escalation with overdose control. The horizontal axis represents true probability of dose-limiting toxicity of the dose level. The upper part represents the proportion of patients allocated to a dose, plotted against the probability of toxicity of this dose. The lower part represents the mean or median number of patients allocated to the dose, plotted against the probability of toxicity of this dose. Reference: Onar (2009) [28] , OnarThomas (2010) [19] , O′Quigley (2014) [29] , Doussau (2012) [11] , Doussau (2013) [27] , Broglio (2015) [26] .
